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Abstract— We provide a mutual information lower bound that
can be used to analyze the effect of training in models with
unknown parameters. For large-scale systems, we show that
this bound can be calculated using the difference between two
derivatives of a conditional entropy function. We provide a step-
by-step process for computing the bound, and apply the steps to
a quantized large-scale multiple-antenna wireless communication
system with an unknown channel. Numerical results demonstrate
the interplay between quantization and training.

Index Terms— Information rates, training, entropy, large-scale
systems.

I. INTRODUCTION

ANY systems have unknown parameters that are esti-

mated during a training-phase with the help of known
prescribed training signals. This phase is followed by a data
phase, where knowledge of the estimated parameters is used to
process the data. It is generally assumed that the parameters
are constant during these two phases, the total duration of
which is called the coherence time. It is often of great interest
to optimize the training time for a given coherence time,
since time in the training phase, while useful for parameter
estimation, generally takes away from time in the data phase.
In a communication system, the parameters of interest often
include the channel, which is typically unknown and learned at
the receiver with the help of pilot signals sent by the transmit-
ter. For example, [1] analyzes a multi-antenna model where
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a capacity lower-bound is obtained by using the minimum
mean-square error (MMSE) estimate of the channel, and the
residual channel error is treated as Gaussian noise. This lower
bound is maximized over various parameters, including the
fraction of the coherence time that should be dedicated to
training. A similar optimization is considered in [2], where the
power allocation and training duration are chosen to achieve
the maximum sum-rate in a multiuser system. Such “one-shot
learning,” where the parameters are estimated only during
the training phase, can be augmented by further refinement
during the data phase [3], [4]. However, this refinement can
suffer from error propagation [5], and we do not consider this
herein.

We develop a framework to analyze one-shot training that
does not require the parameters to appear linearly in the
model, nor does it require additive Gaussian noise; rather,
it requires the system to be time-invariant and memoryless,
and a certain entropy to be computed in the large-scale system
limit. This differentiates us from the previous efforts to analyze
training, which assume that the unknown parameters appear
linearly in the system model [1]-[4], [6], or appear in a
linearized version of the model [7], [8], often by employing
the Bussgang decomposition [9]. Herein, large-scale refers to
infinite block lengths (time duration) or infinite-dimensional
inputs and outputs, or both. The fact that the large-scale
system entropy can sometimes be computed even when the
small-scale system entropy cannot is exploited for our training
analysis.

To demonstrate how to apply the developed framework,
we consider a quantized large-scale multiple-input-multiple-
output (MIMO) communication system, where the optimal
training time and the corresponding data rate are investigated.
By leveraging the large-scale results on certain entropies
in [10]-[12], we are able to derive expressions for the data rate
with training symbols and study the relationship between the
optimal training time and various design parameters, includ-
ing the ratio between the numbers of transmit and receive
elements, the ratio between the blocklength and the number
of transmit elements, and the number of resolution bits at both
transmitters and receivers. Various conclusions on the interplay
between training and the number of bits of resolution at the
transmitter and receiver are provided.

This work is organized as follows. We first summarize some
traditional methods to derive optimal amounts of training; then
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in Section II, the problem for large-scale systems is formulated
and the main results for computing the mutual information
lower bound are stated; in Section III, the results developed
in Section II are applied to a large-scale quantized MIMO
communication system; Section IV concludes.

A. Brief Background and Prior Work

Consider a system model that has input and output processes
X = (x1,%2,...)and Y = (y1,y2,...), which comprise vec-
tors x; and y; whose dimensions are M and N respectively.
The input and output are connected through a conditional
distribution parameterized by a vector or matrix G, whose
value is unknown and whose size can be a function of 7.
We assume that G is constant during a coherence time block
with length 7', and then changes independently in the next
block (same length 77), and so on. The system is supplied
with known inputs during a “training phase” to learn the
parameters, after which the system is used during its “data
phase.” The unknown parameters are assumed to have a known
distribution, and the number of unknown parameters is allowed
to be a function of T'.

A classical way to analyze the effects of training computes
a lower bound on the mutual information between the input
and output, as in [1], [2], [7], [8],

1 T—-71T
—I T...T >

where x; and y; are the tth vector input and output of

113 Y41 X7, y™0), (1)

the system, x' = [x],---,x]|T collects all of the vectors
X1,...,X; into one long vector, (-)T denotes “transpose,”’
y'=I[y], -+ ,y7]7, and 7T is the number of training symbols

in one coherence block. We assume 0 < 7 < 1 is the
fraction of the blocklength devoted to training, and 77 is
integer for convenience. (We choose this in favor of using
[7T] throughout.) The case 7 = 0 is interpreted as having no
training; in other words, x”7 and y"” are empty. The optimal
training fraction

TT)

)

Topt = argmax (1 — 7)1 (Xr7415yrr41/x7 ",y
T

then maximizes the lower bound (1). Although such analysis
is frequently used, the right-hand side of (1) can be difficult to
compute and is itself often approximated or lower bounded.
For example, in [1], a wireless communication system with
Rayleigh block-fading channel and additive Gaussian noise is
considered, and the mutual information in (1) is lower bounded
by treating the estimation error of the MMSE estimate of
the channel as independent additive Gaussian noise. However,
this form of analysis is often intractable when the parameters
appear nonlinearly, or the additive noise is non-Gaussian,
and explicit estimates of the unknown parameters are
unavailable.

We leverage the fact that, sometimes, even with nonlinear
models, the large-scale limits of the conditional entropies
used to compute (1) are tractable. This provides us with
a method to solve (2) for a large-scale system. In the
next section, we provide the problem statement and main
results.
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II. PROBLEM STATEMENT AND MAIN RESULTS
A. Problem Statement

We reframe (2) as a large-scale limit problem. Let 7" — oo,
and define the ratios

N T
Ma 6 - M
It is possible, although not required, that M and NN (the dimen-
sions of the input and output) also grow to infinity with 7',
so that 3 is finite. The large-scale limit of the conditional

mutual information I(x,711;y-7r+1/X"%,y77) in (2) is

o =

3)

. 1 T T
7'(X;Y) = lim NI(XTT+1;YTT+1|X Ty, @

T—o0
The normalization by 1/N is needed to keep this quantity
finite if N — oo, and this limit (assuming that it exists)
typically depends on «, 3, and 7. The optimal training time
in (2) then becomes

Topt = argmax (1 — 7)Z'(X; )). (5)
We wish to solve (5). The value of this analysis depends on our
ability to compute Z'(X’;)), and we show that this quantity
can be computed as the derivative of a certain entropy.

B. Assumptions and Definitions of Useful Quantities

We first make some assumptions and definitions that are
used by the main results. The bound in (1) is determined by
the distribution of the triple (x”,y”,G), and we make the
following assumption:

T
AL p(y"x",G) = [] pvilxe, G), (6)
t=1 .
px") =px") [ px), @

t=7T+1

where p(y¢|x:, G) is a time-invariant conditional distribution
forallt =1,2,...,7T and p(x;) is a time-invariant distribution
forall t=7T+1,7T+2,...,T.

Equation (6) says that the system is memoryless and time-
invariant (given the input and parameters) and (7) says that
the input x;’s are independent and identically distributed (iid),
and independent of x™7 for all ¢t > 77. We use p(x"7) and
p(x;) to denote the distributions of x™7 and x;, respectively.
Under Al, the distributions of (x”,yT,G) are described by
the set of distributions

P(T,7) = {p(y|x.G),p(G),p(x""), p(xr741)}.  (8)

These distributions are used to calculate all of the entropies
and mutual informations throughout. The entropies and mutual
informations are “ergodic” in the sense that they are averaged
over independent realizations of G.

Define:
: 1 T T
H Vel X5) = Jim < H (yerrax™™,y7T),(9)
: 1 T T
H (Vel X ) = lim = H (yerra[x*™ 1, yT), - (10)
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with d, € [0, %), again assuming these limits exist. Here,
H can refer to either discrete or continuous entropy. We treat
01T, eTT again as integers to avoid excessive use of the
ceiling or floor notation. We drop the subscripts € and ¢ in
H' (V| Xs5) and H'(V:|Xs+) when e = 1 or § = 1. For
example, H'(V|X) = H'(V:|Xs)|s=1,e=1 and H'(Y|X+) =
H' (Ve |Xs+)|5=1,=1. With (9) and (10), we further make the
following assumptions:

A2 H(Y|X) = h\“i H (Ve | X ),
H(Y|X) = Eli\H;H (Ve ).

Y
(12)

Notice that H'(YV.|X) in (12) is H'(V-|Xs)|s=1, where ¢ is
dropped since § = 1, which is effectively taking lims-_; before
limg\l.

Assumptions A1-A2 in (6), (7), (11), and (12), are impor-
tant for the main result (Theorem 1). Al is often met in
practice for a memoryless and time-invariant system with
iid input in the data phase that is independent of the input
and output during training. However, we do not have a
complete characterization of the processes X and ) that meet
Assumption A2. Nevertheless, A2 may be verified on a case-
by-case basis by examining H'(V.|X.+) and H'(Y-|X) with
€ > 1 using Corollary 1(b) in Appendix A.

Define
1
. X)) = 1 H etT |, OTT 13
H(Velds) = lim - Hy™™ [x77), (13)
. 1 eT eT
I/(Xs§ys) :Thjgo NI(XETT-‘,-l;yETT-i-llX T,y T)a
(14)
I(Xeyye) - Th—Igo WI(XgTTJrl;yZTT+1|XETTay€TT)a
(15)
where x{ = [x/.x] ., ,xp]T, and y! =
Y!,¥{s1, -, yp)T. Similarly, we drop the subscripts e

and 0 in Z'(X.; Ve), Z(X.; Ve), and H(Y|Xs) when e = 1 or
d = 1. Observe that, in particular, Z(Xy;)p) corresponds
to the large-scale limit of the mutual information between
the input and output as shown in the left-hand side of (1),
the only difference being the extra normalization factor 1/N
needed to keep the limit finite. Taking the limit of (1) yields

I(Xo; Vo) = (1 = 1)T'(X; ).

For this inequality to be useful, we need to be able to compute
the right-hand side of (16) as a function of 7. A method to
do this is one of our main results.

(16)

C. Main Results
Theorem 1: Under Assumptions Al and A2,

o OHX) OV
Ty =lm =g — ~Im—5 -
Proof: Please see Appendix A. U

Theorem 1 shows that the right-hand side of (16) can be
calculated as a derivative using (17) as long as H()-|Xs) is
available. We describe the process of computing this.
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Computation of H(Y:|Xs): An expression for H()-|Xs)
may be derived from H ()| X) (where § = 1) when this latter
quantity is available. In some cases H():|X') can be obtained
through methods employed in statistical mechanics by treating
the conditional entropy as free energy in a large-scale system.
Free energy is a fundamental quantity [13], [14] that has been
analyzed through the powerful “replica method,” and this,
in turn, has been applied to entropy calculations in machine
learning [15]-[18] and wireless communications [10]-[12],
in both linear and nonlinear systems.

The entropy H(Y|X) (where § = ¢ = 1) is considered
in [15]-[18], where the input is multiplied by an unknown
vector as an inner product and then passes through a non-
linearity to generate a scalar output. In [15], [16], [18],
the inputs are iid, while orthogonal inputs are considered
in [17]. The entropy H():|X) for MIMO systems is con-
sidered in [10]-[12], where the inputs are iid in the training
phase and are iid in the data phase, but the distributions in the
two phases can differ. In [10], a linear system is considered
where the output is the result of the input multiplied by
an unknown matrix, plus additive noise, while in [11], [12]
uniform quantization is added at the output.

As we now show, the expression for H().|X) for e > 1
can be leveraged to compute H(Y:|X;) for all €,6 > 0.
We consider the case when the input x; is iid for all ¢, and
the distribution set P (7', 7) defined in (8) can therefore be
simplified as

P(T,7) = {p(ylx, G), p(G), p(x)}.

The following theorem assumes that we have H():|X) avail-
able as a function of 7 for all € > 1.

Theorem 2: Assume that Assumption Al is met, x; are iid
Sfor all t, H(Y:|X) defined in (13) exists and is continuous in
7€ (0,1) and € > 1. Define

(18)

F(r,e) = H(Y:|X). (19)

Then

HO-|Xs) = u- F <m, Uy 1) : (20)

0

for all €,6 € (0,1], where w = min(e, 6).
Proof: According to (13) and (19), we have

which is computed using P (T, 7) defined in (18). When § >
€ > 0, we have

H(V:|Xs) = 21

€ - -
— 1 —— 7T, 7T )
A, e 0T )

where 7 = 7. Therefore, (19) and (22) yield

(22)

H(V.|X5) = F(7,1) =¢ - F(er, 1). (23)
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When € > § > 0, let 7 = §7, and then (21) yields

L g SFT/8) 7T
H(Velds) = lim —— H(y™ " /x")
_ € €
2(5-F(T,g) —5-F(5T,5). (24)
By combining (23) and (24), we obtain (20). O

With Theorems 1 and 2, we may summarize the process of
obtaining solving (5).

D. Steps for Computing Optimal Training Fraction

Summary: We assume that the input dimension M, the out-
put dimension [V, and the coherence time (block of symbols)
T have the ratios defined in (3). The unknown parameters
of the system are constant within the block, and change
independently in the next block. The first 77" symbols of each
block are used for training and the remaining 7' — 77" are for
data. The input x; are iid for all ¢t = 1,...,7T. Using results
from Appendix A, the computation then follows these seven
steps:

1) Verify Assumption Al (6)—(7) based on the set of distri-

butions in (8).

2) Compute H(Y-|X) defined in (13) for € > 1 and express
it as a function of 7 and ¢, as in F(7,¢) (19).

3) Compute H(V:|X;5) defined in (13), for all €,6 € (0, 1]
by using Theorem 2 and F'(r,¢).

4) Compute H'(Y-|Xs) and H'(Y-|X.+) defined in (9)-(10)
by taking the derivative of H(Y.|Xs) and H(V:|X:)
(Theorem 4 and Corollary 1(a) in Appendix A).

5) Verify Assumption A2 (11) by examining the expressions
of H'(Ve|X.+) and verify (12) with Corollary 1(b) in
Appendix A.

6) Compute Z'(X; ) by using (17).

7) Solve T4 using (5).

The solution to (5) is then an approximation of (2).

The results of the above process are most useful when the
number of unknowns scales with 7. Otherwise, the results may
be uninteresting. For example, consider a system modeled as

Ye=gx+u, t=1,2,...

where ¢ is the unknown gain of the system, x;, y; are the
input and corresponding output, v; is the additive noise, 7 is
the fraction of time used for training. This system is bilinear
in the gain and the input. We assume that v, is modeled as
iid Gaussian N (0, 1), independent of the input. The training
signals are ; = 1 for all t = 1,2,...,77T, and the data
signals x; are modeled as iid Gaussian N (0,1) for all ¢t =
7T+ 1,7T + 2,... An analysis that follows the steps above
produces

1—7
I(Xo; Vo) > ——Eglog(1 + %),

and therefore 7.,y = 0 maximizes this bound. This result
reflects the fact that g is learned perfectly for any 7 >
0 because there is only one unknown parameter for 77" training
symbols as 7' — oo. Hence, trivially, it is advantageous to
make 7 as small as possible.
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The next section applies the results of this section to
a quantized MIMO system where the number of unknown
channel coefficients approaches infinity as 1" — oc.

III. APPLICATION TO LARGE-SCALE
QUANTIZED MIMO SYSTEMS

We consider a large-scale MIMO system [12], [19]-[22]
modeled by

yt_f<ﬁ/ﬁGxt+Vt); t:1,2,...,

where x; € CM*1 models the transmitted signals from M
elements (transmitter antennas) at time ¢, y; € CN*1 models
the received signals with N elements (receiver antennas),
G € CN*M models the unknown baseband-equivalent wire-
less channel whose elements have iid real and imaginary
components with zero-mean half-variance common distribu-
tion pg(-), v, € CN*1 models the additive white Gaussian
noise at the receiver whose elements are iid circular-symmetric
complex Gaussian CN(0,0?), and f() is an element-wise
function that applies b-bit uniform quantization f(-) to
each element. The real and imaginary parts are quantized
separately.

The system model includes a coherence blocklength T’
during which the channel is constant and after which it
changes independently to a new value. We consider a Rayleigh
environment, where the channel G has iid CN(0,1) ele-
ments, and the corresponding p;(-) is N(0,1). A frac-
tion 7 of the total blocklength is used to learn the chan-
nel G by transmitting known training signals. We consider
N, M, T — oo with fixed ratios defined in (3) as an approx-
imation for finite but large input/output dimensions or long
blocklength.

We wish to determine the optimal training fraction 74, of
such systems defined in (5), and the corresponding optimal
achievable rate (in “bits/channel-use/transmitter’)

(25)

Ropt = max(l — 7)aZ’ (X;)), (26)
by using the process developed in Section II-D. First, to com-
pute Z'(X; YV), we make the following assumptions and define
several useful functions.

A. Assumptions and Definitions of Useful Quantities

We assume that the real and imaginary elements of the
transmitted vector x; are iid with zero mean and half variance
common distribution pz(-) and are a-bit quantized signals in
both the in-phase and the quadrature branches. This creates a
22¢_.QAM constellation, with all possible symbols generated
with equal probability; the corresponding pz(-) is uniform
among the 2% real and imaginary components. Throughout
this section we assume o2 = 1, and thus the quantity p is
nominally the signal-to-noise ratio (SNR) because it represents
the ratio of the average signal energy (p/M)E|Gx,||*> = pN
to noise variance No2 = N, before quantization with the
function f(-).
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The b-bit quantizer f(-) has 2° — 1 real quantization thresh-

olds defined as
= (=214 k)A, fork=1,2,---,2° -1, (27

where A is the quantization step size. We define ry = —o0,
and ro» = 400 for convenience. The output of the quantizer
indicates the quantization level: f(w) = k for w € (ry_1, 7]
and k& = 1,...,2°. When the input to the quantizer is a
complex number, its real and imaginary parts are quantized
independently. It is assumed throughout our numerical results
that A is chosen such that f(w) = 1 or f(w) = 2° with
probability 1/2° when the input distribution on w is real
Gaussian with mean zero and variance (1 + p)/2. This choice
of A ensures that ADCs are operating in a reasonable range,
but it only affects the numerical results in Section III-C.

In order to compute Z'(X; )), we need to define some useful
quantities and functions: Iawan (A, p(+)), EA,p(+)), Q(v,s),
and x (7, s). Let Iawan(A, pz(+)) and E(A, pz(+)) be

Inwan (A, pz(+)) = —Ey[log, [Ex(e—\y—ﬁxﬁ)]

~ logye, (28)
EOps() = Euy(|z — / v plely)dz?),  (29)

where the expectation is with respect to the joint distribution
of (z,y):

1
p(a.y) = pla) - —e” vV
s

1 - 2
= palan) - pa(ar) - —e VAT

(30)
where zr and zj are the real and imaginary part of = and
p(z|y) is the distribution of 2 conditioned on y. Note that
(z,y) can be modeled as a single-input single-output additive
white Gaussian noise (AWGN) channel

y =+, 31)

where v~ CN(0,1) is independent of . Then
Iawan(A, pz(+)) is the mutual information between z and y,
and E(\, pz(+)) is the mean-square error (MSE) of the MMSE
estimate of x conditioned on y. We define Jawan (A, ps(+))
and E(\, pz(-)) in a similar way by replacing pz(-) in the
above expressions with pg(-).

We define €2(v, s) and x(7, s) as

2?7
s) = —2;/73\1%(\/'?2,5)

Z-
2

S

x logy ¥ (y/7V7, s)\/%dz7 (32)
=% (¥} (v77,9))?
Z R v
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where
. —
Up(w,s) = & V2 —w
Vs
Y —
_® M , (34)
NG
(VI w)? (Vg —w)?
25 —
W (w,5) = < . (39
21s

with 7, defined in (27), and ®(-) is the standard normal
cumulative distribution function.

We use a = oo to denote an unquantized transmitter and
assume the elements of x; are iid CA/(0, 1); the corresponding
pz(+) is then N(0, ). We use b = oo to denote f(w) = w for
w € R (quantizer is removed). In this case, Iawan(A, p(+)),
E(A,p(+)) are as above, but Q(v,s) and x(v,s) are

Q(7,5) = logy(mes), x(3,s) = 1/s,
and the computed H’'(Y|X) and H'()| X+ ) are then differential
entropies.

We may now compute Z'(X;Y) for the MIMO quantizer
model.

(36)

B. T'(X;Y) for the System in Equation (25)

Theorem 3: For the system (25) with 7T input-output train-

ing pairs (x™T,y™T)

(X)) = QUpayas, 0> + p — pgds)
—Qpgg, 0% + p— pagy)

1
+ EIAWGN()\m;pi(')) +

i

Tede = As
aln?2 ’
-) is defined in (28),

(37

where (-, -) is defined in (32), Inwen (-,
(g9, Ng, Gzs Az) are the solutions of

Ay = TBp - x(pag,0° + p — pay),

g = 1- E(Agapé('))a (38)
Ao = apgy - X(pAgqs: 0° + p — Pdgls),
Qe = 1— 8()\x7p5c(')); (39)

where E(-,-) and X(-,-) are defined in (29) and (33). When

fw) = w, Q(-,-) and x(-,-) in (32) and (33) are replaced
with (36).

Proof: The proof applies Theorems 1 and 2, and is detailed
in Appendix B. g

Unlike the analysis in [1]-[4] or [6]-[8], the theorem:
(i) provides a large-scale expression for Z'(X; )), not a lower
bound; (ii) does not require worst-case noise analysis or
linearization of the quantizer f(-).

Although we compute large-scale limits, it is anticipated that
the results herein provide good approximations for systems
with finite M, N, and T" simply by substituting the v and /3
computed for the finite-dimensional system into the limiting
formulas. For example, the parameter 5 = T'/M is the ratio
of the coherence time of the channel (in symbols) to the
number of transmitters and is therefore strongly dependent
on the physical environment. We may choose a typical value
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Ropt (bits/channel-use/transmitter)

0
107 10° 10' 102
«

Fig. 1. Plots of Ropt vs a for @ = 1,2,00, and b = 1 (solid curves)
and b = oo (dashed curves), and SNR = 10 dB, for 8 = 40 (see text for
explanation of this choice). The curves saturate at 2 for @ = 1, and at 4 for
a = 2, while there is no saturation for a = co. Note for Ropt to achieve the
90% level (1.8a indicated by “*”), more receive elements are required when
comparing linear (b = oo) versus one-bit (b = 1) receivers. For example,
with a = 2, observe that the “*” on the dashed curve is at o« = 4, while
the “*” on the solid curve is at o = 28, indicating that « has to increase to
compensate for lack of resolution at the receiver.

as follows: Suppose we choose a 3.5 GHz carrier frequency
with maximum mobility of 130 km/h; the maximum Doppler

shift becomes fq = W = 421 Hz, and the corre-

sponding coherence time is ﬁ = 0.4 ms [23]. We consider
10 MHz bandwidth and assume that the system is operated at
Nyquist sampling rate (10 complex Msamples/second), which
produces 7" = 4000 discrete samples during each 0.4 ms
coherent block. In a system with M = 100 elements at the
transmitter, we obtain § = 40.

With the expression (37), we are now able to study the
effects of quantization on training.

C. Optimal Training Time and Achievable Rate for Various
Scenarios

In this section, we consider the results of (5) and (26) for
various scenarios, where we show how the optimal training
time and the achievable rate is affected by quantization (here
quantization means a, or b, or both are finite). Because of
quantization, the maximum achievable rate is 2a bits/channel-
use/transmitter, which we define to be the saturation rate.
We note that the large-scale results derived below can be
used for finite systems. For example, to determine the optimal
number of training symbols, we first solve the large-scale
problem (5) to get the optimal training fraction 7., and then
the number of training symbols is just 77"

1) Lower Resolution at Receiver Requires More Receiver
Elements: In Fig. 1 we consider R versus o for a =1, 2;
the maximum rates per transmitter are then 2 bits and 4 bits
respectively (2a bits/channel-use/transmitter is considered as
the saturation rate). These asymptotes are approached as « is
increased, where larger &« = N/M represents larger number
of receivers per transmitter. The unquantized results are also
shown for comparison. For example, by comparing the solid
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Topt

——10dB,b=1,

- =-10dB, b= o0
102} Topt = 015122
Topt :%3
107" 10° 10" 102

a

Fig. 2. Plots of Topt vs . Note that Topt is generally insensitive to o when
« is small, and decreases rapidly with o as Ropt approaches the saturation
rate 2a (after the markers, which indicate Ropt = 1.8a, same as in Fig. 1).
As o grows, eventually 7opt - 8 < 1 (indicated by the solid cyan line),
at which point the number of training symbols is smaller than the number
of transmitter elements. Also shown in purple is the large-o result (42) for
10dB SNR, a =1 and b = 1.

curves (b = 1) versus the dashed curves (b = o0), we can see
that to achieve the same rate, larger « is needed for (b = 1)
which indicates that more receiver elements are required to
compensate for the lack of resolution.

2) Topt T < M Is Sufficient for Quantized Systems When o
Is Large: In Fig. 2, we show that for ¢ = 1,2, when « is
large, the optimum number of training signals may be smaller
than the number of transmitters. Hence, unlike a linear system
where an explicit estimate of H is learned only if 7,7 > M,
it is not necessary to learn all of the M - N channel coefficients
in a quantized system when N > M. This is also shown to
a limited extent for a = 1 and b = 1 in [24], [25]. We further
show that, for all finite a, the optimum training time decreases
to zeros as « increases to infinity; especially, 7,5 decays as
(In)/« for large o when a = 1.

Specifically, for all 7 > 0 and finite a, we have

lim oZ'(X;Y) = 2a,

a—00

(40)

which yields limy .o Ropt = 2a, and limy .o Topt = 0. The
proof is shown in Appendix C. In the special case with a = 1,
when « is large, we have

2
p+1\ Ina
for b = opt T2 —— ) —, 41
or 00, Topt ( P > o 41)
2
Tp+1 In o
fOr b = 1, TOpt ~ 2 (EpT) 5—0[ (42)

3) Linearization Can Sometimes Work Well at High SNR:
It is well-known that linearization at the receiver works well
at low SNR’s [7], [26]. We show that it sometimes also
works well at high SNR with quantized transmitters (a is
finite). By using the Bussgang decomposition [9], [26], we can
reformulate the system in (25) as

n P
G (Va0 ) +ve

yi = (43)
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where vq is uncorrelated with \/ZGx; + vy, vq has zero
mean with covariance matrix (12 —n)I, and where n = 2/7
forb=1,andn = %(14—26_#)2 for b = 2. For tractability,
we assume that vy ~ CN(0, (1 —n)I) and is independent of
G,xy, and vy.

The classical treatment of this model treats the estimated
channel as the “true” channel as in [1], while the estimation
error is treated as additive Gaussian noise, thereby furthering
the approximation. We obtain

Vi =V pest/MGx¢ + vy, (44)
where pegr is the effective SNR
2 2
T6np 45)

Pt = T (L= n)l[l + p + 7B0p]

G is the estimated channel whose elements are iid CA(0, 1),
and v, has iid CN(0,1) elements. This model has achievable
rate

. 1 A _
lim —I(x;y|G) = alogy(l + per — perqa)

M—oo M -
Y QCEACE - )\z
I )\x; T\’ 1 a
+ Iawen(Az, pz(4)) + 3
(46)
where (G, \,) are the solutions of
S\x = Peff - X(peff(j:m 1+ pesr — peﬂ(jx)7
G =1 —=E(Ne,pz(:))- 47)

The details for computing (46) are shown in Appendix D.
Note that limy—oo 771 (x;¥|G) is a function of 7 through
peoft In (45). We then define

Ri, =max(l —7) lim %I(x;ﬂ@). (48)

M—o0

The path just described to obtain Ry involves several
approximations, and hence it is unclear how closely Ry, should
follow Rp¢. However, a comparison between Ropy (26) and
Ri (48) with a = 1,2,00 and b = 1,2 for § = 40 is shown
in Fig. 3 with a = 10. We can see that Ry, is generally a
good approximation of R,,¢ when the SNR is below 6 dB,
but is also accurate above 6 dB in cases where Rqp ~ 2a
(saturation rate) when SNR =~ 6 dB; see especially the blue,
black, and green curves in Fig. 3.

4) Minimum Number of Receivers per Transmitter Is
Required for Quantized Systems: The values of « required
to achieve Ropy = 1.8 (90% level) for various SNR p
and b with ¢ = 1 are shown in Fig. 4. It is clear that «
decreases as p increases, but there are asymptotes when p = oo
for b = 1,2,3 as shown in the cyan lines because of the
quantization noise. This indicates that for quantized systems,
if v is below some minimum (cyan lines), no matter how large
the SNR is, certain data rates are not achievable. However,
when b = oo, there is no asymptote since the channel can be
estimated perfectly, and the discrete transmitted signal can be
detected perfectly as p — oo.
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—Ropt,a=1,0=1
—Ropi,a=2,b=1
Ropt,a = 00,b =1
- = =Rpa=1b=1 T
- = =Rpa=2b=1 _ -
Ri,a=00,b=1 L

o

—_—Rypa=1,b=2 A 1
e Rgpty @ = 2,b = 2

IS

e Rty @ = 00,0 = 2
--=Rpa=1b=2
- =Rp,a=2b=2
== =Rp,a=00,b=2

)
T

Rate: bits/channel-use/transmitter
w

-10 -5 0 5 10 15 20
SNR p dB

Fig. 3. Plots of Ropt and Ry, vs SNR with # = 40 and o = 10 for
a = 1,2,00 and b = 1,2. Observe that Ry, is a good approximation of
Ropt below 6 dB SNR, and is sometimes also a good approximation for all
SNR, depending on where saturation (rate 2a) is reached.

10-1 L L L
-5 0 5 10 15

SNR p: dB

Fig. 4. Plots of a versus SNR when Ropt = 1.8 (90% level), 8 = 40,
a = 1. The curves decrease as SNR increases and reach asymptotes as
p = oo that are shown in cyan with b = 1,2, and 3, which indicates the
minimum number of receivers per transmitter required to maintain Ropt.
These asymptotes are the result of the quantization noise at the receiver that
restrict the o from going to zero as p = oco. For linear receivers (b = 00),
perfect channel estimation can be obtained as p = oo, and therefore there are
no asymptotes. At low SNR, the slopes of the curves are similar to each other
because the additive (thermal) noise dominates the quantization noise, and the
effect of quantization can be treated as degradation in SNR that depends on b.

IV. DISCUSSION AND CONCLUSION

We provided a method to compute the mutual information
lower bound that can be used to analyze the effect of training
in models with unknown parameters. For large-scale systems,
we showed that this bound could be calculated using the
difference between two derivatives of a conditional entropy
function. This method was applied to a large-scale quantized
MIMO system, where we derived the mutual information and
studied how quantization and training influence one another.
Several training results were derived that were unique to
quantization effects at the transmitter and the receiver.

We believe that the analysis shown in Theorem 3 for the
model (25) can be generalized beyond Gaussian channels
and to other nonlinear functions f(-). In particular, since
a quantizer with sufficiently high resolution and number of
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levels can be used to approximate a well-behaved monotonic
function, it is conceivable that the theorem can readily be
adapted to any monotonic function. We view this as a possible
avenue for future work.

In addition, we believe that Assumption A2 is likely to be
superfluous for common system models, such as when the
distribution on x; is iid through the training and data phases,
and the transition probabilities can be written as a product as
in Assumption Al. However, we have not yet characterized for
which models A2 is automatically satisfied without additional
assumptions on H’, and think that this would be an interesting
research topic for further work.

APPENDIX A
PROOF OF THEOREM 1

We first show the derivative relationship between H’().)
and H()).) defined below, and then generalize to the condi-
tional entropies which directly lead to the conclusion (17).
Define

3 1 ET
H'(Ve) = Jim < H(yrermaly™), (49
1
_ - [eTT]
H(Ye) = Jlim ——H(y'""™ ), (50)

which can be considered as H'():|X5) and H(Y.|X5) with
9 = 0. For mathematical rigorousness, we keep the [-] notation
here. We show that, under some conditions, H’();) is the
derivative of H():).

Lemma 1: Suppose there exists a > 0 so that H(y+1]y")
is monotonic in t when t € [|(¢ — k)TT|,[(e + k)7T]] as
T — oo.

If H(Y-) and its derivative with respect to € exist, we have

vy OH(:)
H (ys) = 785 . (51)
If both H(Y.) and H'().) exist, we have
H(Y.) / H(Du)d 52)

Proof: Equation (52) is an integral equivalent of (51) and
we only prove (51) for simplicity. Without loss of generality,
we assume that H(y:y1]y’) is monotonically decreasing.
Using the definition of H():) in (50), we have

HGSETOR)

H(y[(6+K)TT]) o
kNTT

T _
S Hiyaly™)

kNTT
([(e +r)T] =

kNTT
[ETT])

H(y [erT] )

lim
T— o0

= lim

T—o0

[eTT])

< lim

T—o0
X H(Y[erﬂﬂb’
(ETT]).

o1
= jfim S H(Yrerrly (53)

Similarly to (53), we also have

H(ys) - H(ysfm))

(54)

o1 o 1
TIEI;O NH(y’—ETT-‘+1|y[ < ;(
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Let x\,0 in both (53) and (54); because we assume that
the derivative of H().) exists, these limits both equal
this derivative. Then, the definition of H’'().) in (49)
yields (51). ]

Lemma 1 is a consequence of the entropy chain rule
and letting an infinite sum converge to an integral (standard
Riemann sum approximation). Such an analysis has also been
used in the context of computing mutual information; for
example [27]-[31]. Lemma 1 can be generalized to include
conditioning on &', thus leading to the following theorem,
provided that H().|Xs) and its derivative with respect to &
exist.

Theorem 4: Assume Al holds. For € > 1,

OH(Y-|X
H (V| X) = 7%; | ), (55)
, OH(Y-|X.
H (Ve Xt ) = %. (56)
Proof: Under Al, for all § > 1, we have
H(ya [x 3" < H(ya |xP77 y
H(y <" y'=1),  (57)

when [7T] +1 <t < [é7T] — 1 or t > [d7T] + 1. Here,
we use that the input is iid and the system is memoryless
and time invariant; the inequality follows from the fact that
conditioning reduces entropy. Therefore, V& € (0, — 1),
H(y:y1|x/™"1 y!) is monotonically decreasing in ¢ for ¢ €
[l[(e = K)TT],[(e + K)7T]] when 7T > —2—. Then,
Lemma 1 yields (55).

Also, for all § > ¢ > 1 there exists a £ € (0, min(e —
1,6 — €)), such that H(y,; 1|x/%7"1 y*) is monotonically
decreasing in t for t € [|(¢ — k)TT|,[(¢ + k)7T']] when
7T > max(—32 ). Then, Lemma 1 yields

ER Qg e —
H (Ve |Xs) = % (58)
Assumption Al yields
H (Ve X5) = H (V2| Xer), (59)
where H' (Y. |X.+) is defined in (10), and
H(VelXs) = H(Ve| Xe). (60)
Therefore, (58) becomes (56). ]

Theorem 4 can now be used to finish the proof of Theo-
rem 1. By (14) and Assumptions A1-2,

7)) = H'(VIX) — H (Y| X+)
= lim H' (Y. |X) — lim H' (V| X.+),
eN 1 eN 1

and together with Theorem 4, we have (17).

Assumption Al is often met in a wireless communication
system, while whether Assumption A2 holds is not necessarily
obvious. We provide the following corollary to help check
Assumption A2.

Corollary 1: Assume Al holds. (a) If x; are iid for all t,
then for all €,§ > 0 and € # 6,

, OH(Y:| X,
H(.l25) = OB, (61)
, OH (Ve | X-
() = T (62)
e=1
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(b) If

then Assumption A2 (12) is met.
Proof: (a) If x; are iid for all ¢, then (57) is valid for
all t < [07T] — 1 or t > [67T] + 1. Therefore, Lemma 1
yields (61). By taking e = 1 and § > 1, (61), (59), and (60)
then yield (62).
(b) For t > [7T] + 1, we have

H(yea X y") < Hy [T y'™).
Therefore,
lim P/(9|) < H(V]).
Conditioning to reduce entropy again yields
H(yperalx ™y ™) < H(yprpya|x7,y 77,
for any 6 < 1 and therefore,
H(VI%) < lim H'(V|5).

Equation (63) then implies A2 (12).

APPENDIX B
PROOF OF THEOREM 3

A. Steps to Compute (37)

We now show the derivation of the expressions of
(X V), H (Y| X+ ), and ‘H'(Y|X) by using theorems devel-
oped in Section II, which can be computed from a sin-
gle entropy H(V:|X) = H(Y:|Xs=1), where H(V:|X;5) =
lmy oo e H (v 7% TT). H(Y-|X) can be obtained
from a quantity called asymptotic free entropy F through

R

where  F((3.,04) is defined as F(B;,04) =
lima/—oo 57z Elog, p(ylBr+B)MT | [5-M1) " which  has
been computed as (44) in [12], and is continuous in

67' and Bd .

Following the steps in Section II-D:

1) From the model (25), it is clear that Assumption Al is
met, i.e.

(64)

T
p(yT|XT7G) = Hp(Yt|Xta G)a
t=1

p(x") =px") [ px),

t=7T+1

where p(y:|x:, G) is a time-invariant conditional distrib-
ution forall t = 1,2,...,T, and p(x;) is a time-invariant
distribution for all t = 7T +1,7T+2,...,T. The dimen-
sion of GG depends on the blocklength 7' through (3).
Furthermore, the input x; are iid for all ¢. Then, we can
express the system by a set of distributions defined as

P(T,7) =A{p(ylx, G),p(G) p(x)}, (65)

which are the conditional distribution of the system, the
distribution of G, and the input distribution.

2) For given « and (3, we define F(r,e) = H()|X),
where the entropy H():|X) is computed through P(T’, 7)
defined in (65). Then, (64) yields

F(r8, (e — 1)1P)
atf3 ’

3) Theorem 2 then yields H(V:|Xs) = u- F (ur, 5% + 1)
for all £,6 > 0, where v = min(d, ). Then, (66) yields

F(r,e) =— (66)

H(Ve|Xs5) = aiﬁ}"(urﬁ, (e —u)Tp).
4) Corollary 1(a) in Appendix A then yields
1 o 5
— 5= F(e73,0), € < 0;
W (YelXs) = { O]
Tﬁdﬁ (678, (e = 8)TB), > 6.

for all £, 5 > 0. Since x; is independent of (x,yx) when
t # k, we have H'(V:|Xs) = H'(Ve|X-+), for all § >

e > 0.
5) Using F(-,-) in [12] and Corollary 1(a), we can verify
that
H (Y| ) = lim H (Ve | X ),
e\l
and

1
_Wﬁf(ew, 0ler.  (67)
Moreover, using H'()-|Xs), we have

. 7 R U
lim H(Ve|X) = Jin H(V]X).

H () = -

Thus, Assumption A2 is met via Corollary 1(b), i.e.
A2: H'(D|X) = 1i\mlH’(yE|X€+),
H'(Y|X) = lim H' (V| X),
el
and therefore,

H (1) = ;i\nw 0:1)

1 8
6) Finally, Theorem 1 yields
1( . —1
I(va) Tﬂgl\ni de (Tﬁa (57 1)7—6)
1 0
+ a—ﬁa—f(grﬁ, )|5:1. (68)

By using the expression of F in [12], together with (68),
we can derive (37). Specifically, converting the expression
of F (44) in [12] to expressions with our notations, we get

F(Br, Ba)

= a[-8:Qpag, 0 + p — pgy)
— Bapagta, 0> + p — pagqa))
—alawan(Ag, P () — Balawen (Ae, pi(+))

(1— Qg)>\g T8, (1= gz)As

ta In2 In2 ’
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where Iawen (s, ), £(,+), Q(-,-), and x(-,-) are defined
in (28), (29), (32) and (33), and (g4, \g, Gz, Az) are the
solutions of (38) and (39). Thus, the first term in (68)

becomes
1 0
o I G F (7, (e~ 1))
! hma (789 240 —pqy)
= aTﬁe\lé)s Q| —T Pdg,0 P — Py

—(e = D)TBUPAGGr 0% + p — pUgas)]
—alawan(Ag, pi(+)) — (e = D)7BIawan (Ae, pz(+))

a1 —gg)Ag + (e = D78 — gz)As }
In2 In2 ’
and the second term in (68) becomes
ﬁaﬁﬂew, 0)ees
1 0 9
= orBoe { — e pqg, 0" + p — pag)
(1 —qg)Ag

—alawan(Ag, pz(+)) +

bl

Then, by combining the two equations above, we can
get (37).

In2

APPENDIX C
Ropt AND Topy FOR LARGE «

To prove (40)—(42), we analyze b = co and b = 1 separately.

A. Large o« With b = oo

Z'(X;Y) can be computed by following the steps in
Section II-D. When b = oo, (37) yields

(aln (1—1— P —& ) —)\151)
+ Iawen(Az, p3(0)),

where pz(x) is the distribution of real/imaginary part of
elements of x;, p, a2 are computed from

oI (X)) =
(69)

p=pag, 0> =0>+p(l—qy), (70)

with ¢, being the solution of (38), and &,, A, are the solution
of (39), which is

ol
Ae=—Z— &, =EN,pz(4)). 71
e Owps(). (D
Then, (69) becomes
/ o P
aZ! (X)) = n—ln(l—i—?é’x)
Q@ ﬁé'
—— 471 = pi(*)). 2
1n21+ Te + IaweN(Az, pz(+).  (72)

The mean-square error of the MMSE estimate is
E(Az,pz(+)) defined in (29), which is upper-bounded by the
mean-square error of the LMMSE estimate, therefore we get

02 E0upa() < Ty
<

(73)

1
a—1"

& < 0< & (714)

ql\‘j|b|

E
A
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Because In(1 + w) — f; is monotonically
increasing in w for w > 0, (74) yields 0 <
& 1 1y 1
« 1n(1+ _ng) 1+6%5£) S Oé(a71 — E) = a-1-
Therefore (72) yields Inwan(Az, pz(r)) < oZ'(X;Y) <
m + Iawan Az, pz(+)), thus
hm OzII(X y) = hm IAWGN(/\x;p:E('))- (75)

a—00

As a — oo, (71) and (74) imply that \, — oo, and
therefore Iawen (Az, pz(+)) — H(x) which is the entropy of
x. For 22*—QAM moduation at the transmitter generated by
a-bit DAC’s, we have lim, .o, aZ'(X;Y) = H(z) = 2a for
any finite a, and (26), (5) then yield

lim Ropt = 2a,
a—00

This shows (40).
When a = 1, £()\;, pz(+)) is upper-bounded by the MSE
obtained through a hard decision, or

Eo = Ea,pa() < 4Q(V o).

For large «, (71) and (77) imply that £, decays exponentially
to zero, and therefore

(76)

lim 7 = 0.
a— 00

(77)

Ao ~ ap/52, (78)
, a (PN
oT(XY) = 513 (?5’”)
+ IawaN (Aes 02 (1) +0(€7). (79)

Equation (76) implies that 7,,¢ is small when « is large,
and therefore, in the following approximations, we only keep
the dominant terms in 7. Equagions (38) and (70) yield

Gy ~ 1570 and & ~ (ﬁ) 73, and (78) then yields
Ae & pPrfaf (14 p)°.
for some v > 0, aZ'(X;)) ~ 2 — ve
therefore 7oy, ~ argmax, (1 —7)(2—ve "2~ V/viat) where
v = (ﬁ)Qﬁ. Taking the derivative with respect to 7 and
setting it equal to zero produces (41).

It can be shown when ¢ = 1 that

_%\//\x, and that

B. Large o With b =1

We again compute Z'(X;)) by following the steps in
Section II-D. When b =1, (37) yields

o () = 4o [ 1Q(Ve) log, @ (Ve2)

Zz2_

2

—Q (Az)log, Q (A42))

/\ o
where
S L))
= AT

p, 2 are computed from (70) which are not functions of a,
and (&,, \;) are the solution of (39), which can be expressed
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as
—A2 2

f‘/dz w1+ &) Q(Az)

Since 0 < Q(Az) < 1, (81) yields
ac e’HzAQ 2
g > — dz
m(1+4¢c&,y) V2
_ 5 _
_ acy'1 —|—_2A > ca . 82)
m(1+¢c&y) m(1+¢)
Similar to (73), we have 0 < E(A\s,pz(")) = & < 5
Then, (81) and (82) yield /
A c «

Therefore, £, becomes small for large . A Taylor expansion
of (80) obtains

oZ'(X;))

o« / 342 +24 -1
2 Jr (1+ A2)(1+ (A +e€)?)

2
2 _1+§A 22

€e“e
XidZ"‘I >\z7 7 +Oa(€z,
Trmara & T epi() + 0(e2)
_ (14¢)eE,
where € = m Thus,

lim oZ'(X;Y) = lim Iawen (e, pa(+))-
a—00 a—00

The remaining steps are similar to b = oo in Appendix C-A
and are omitted.

APPENDIX D
CALCULATION OF (46)
Since
1 _
Jim S 16y16) =l 7 H(51G)
~ Jlim_ MH( ¥1G. %),

we compute the two terms separately as follows. When G
is known, the entropy A}im L H(y|G) can be computed
—00

through
— = [BM]
Jim JAG10) = Jim s Flossp(s*6)
— aQ(pefTva 1+ Peff — peff(jx) B

kY (1 - Qx)Ax

I () — A

+ Iawan (Az, pi(+)) IO
(83)
Wher_e Jim > Elog, p(y/#M1|G) is available in [12] and
(qu, Az) are the solutions of (47), and (-, -) and x(-,-) are

defined in (36).
Therefore, (83) yields

i MH(Y|G) = aQUpeft @, 1+ pet — pefo:F)
qgc)\x - )\x

In2
(84)

+ Iawen (A, pz(4) +

5161

Since the elements of G are iid CA/(0, 1), for any given x, the
— = .. - .

elements of /2L Gx are iid CN (0, 2£2=). Also, since t'Ele

elements of x are iid with zero mean and unit variance, 272>

converges to pe and the elements of \/%Gx converge to
iid CN(0, pegt) as M — oo. Therefore,

. 1=
A}inoo MH(y|G7 x) = af)(pesr, 1).

Then, (84) and (85) yield

(85)

lim —I(x y|G)

J\I—M)O
= OzQ(/)qu:m 1+ pesr — peﬂq;c) _?KQ(pei% 1)

Y qgc;\;c - /\:c
+ Iawen(Az, pz(+)) + o

= alogg(l + peit — Petz) + Iawan Az, pz(+))
+ n2 ’

where (g, \,) are the solutions of (47), which finishes the
computation of (46).
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